Abstract While progress has been made in treating primary epithelial tumors, metastatic tumors remain largely incurable and still account for 85-90 % of all cancer-related deaths. Interleukin-4 (IL4), a Th2 cytokine, and the IL4/IL4 receptor (IL4R) interaction have well defined roles in the immune system. Yet, IL4 receptors are over-expressed by many epithelial cancers and could be a promising target for metastatic tumor therapy. The IL4/ IL4R signaling axis is a strong promoter of pro-metastatic phenotypes in epithelial cancer cells including enhanced migration, invasion, survival, and proliferation. The promotion of breast cancer growth specifically is also supported in part by IL4-induced glutamine metabolism, and we have shown that IL4 is also capable of inducing glucose metabolism in breast cancer cells. Importantly, there are several types of FDA approved medications for use in asthma patients that inhibit the IL4/IL4R signaling axis. However, these approved medications inhibit both the type I IL4 receptor found on immune cells, and the type II IL4 receptor that is predominantly expressed by some non-hematopoietic cells including epithelial cancer cells. This article reviews existing therapies targeting IL4, IL4R, or IL4/IL4R signaling, and recent findings guiding the creation of novel therapies that specifically inhibit the type II IL4R, while taking into consideration effects on immune cells within the tumor microenvironment. Some of these therapies are currently in clinical trials for cancer patients, and may be exploitable for the treatment of metastatic disease.
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Introduction
Epithelial cancers of the lung, colon, breast, and prostate comprise the top four most deadly cancers, and overall 80 % of all cancers are epithelial in origin. The majority of cancer-related deaths in these patients are due to the spread of metastatic disease [1] . Interestingly, the T-helper 2 (Th2) cytokine, interleukin-4 (IL4), promotes pro-metastatic phenotypes in epithelial cancer cells such as enhanced survival and proliferation [2] , enhanced migration and invasion [3, 4] , enhanced metabolism to support tumor growth [5] , and enhanced metastatic tumor burden [4, 6] through the IL4 receptor (IL4R) (Fig. 1 ).
In the immune system, IL4 controls the development, survival, and maturation of B cells and the proliferation and differentiation of Th2 T lymphocytes. IL4 supports this enhanced proliferation and survival in part by inducing glucose uptake and metabolism [7, 8] (Fig. 1) . IL4 can also polarize macrophages to the 'M2' or alternatively activated phenotype [9] . Immune populations that produce IL4 include activated T cells, mast cells, basophils, eosinophils [10] , and myeloid-derived suppressor cells (MDSCs) [11] . In cancer, IL4 can also be produced by tumor cells themselves [12, 13] .
In addition to immune and pro-tumor functions, IL4/ IL4R signaling is also implicated in human diseases Fig. 1 IL4/IL4 receptor signaling in epithelial cancer cells and hematopoietic cells of the tumor microenvironment (TME). IL4 induces heterodimerization of the IL4Ra and cC subunits to form the type I IL4 receptor in hematopoietic cells including lymphocytes (depicted). This results in the activation of JAK proteins. The two main pathways activated after the phosphorylation of JAKs in response to IL4 in immune cells are the IRS/PI3K/AKT pathway and the JAK/STAT6 pathway. Activation of these pathways in lymphocytes results in the transcription of IL4 responsive genes and the promotion of pro-growth phenotypes. IL4 has also been shown to activate mTOR in T lymphocytes for the regulation of differentiation. Some non-hematopoietic cells including epithelial cancer cells can express the type II IL4R, consisting of the IL4Ra and IL13Ra1 subunits. IL4 directly promotes pro-growth and pro-metastatic phenotypes downstream of the type II IL4R in epithelial cancer cells through several signaling pathways including PI3K/AKT, MAPK/ ERK, JAK/STAT6, and mTOR including asthma, allergy, and atopic dermatitis [7.8] . Indeed, the contribution of IL4 to such allergic disorders has lead to the production of FDA approved therapies that target the IL4/IL4R signaling axis that may be exploitable and improved upon for the treatment of metastatic cancer. The importance of epithelial IL4R expression in promoting tumor growth and metastasis is becoming less obscure, and supports research efforts focused on targeting the IL4/IL4R signaling axis as an anti-tumor therapy. Here, we describe the basics of IL4 receptor expression and IL4/IL4R signaling, review progress that has been made in attenuating IL4 and IL4R activity therapeutically, and discuss future perspectives for using such therapies to limit epithelial cancer metastasis.
IL4R expression and composition
In normal tissues, the primary binding chain for IL4, IL4 receptor a (IL4Ra) [10, 14] , is expressed on T and B lymphocytes, eosinophils, macrophages, endothelial cells, lung fibroblasts, bronchial epithelial cells, MDSCs, and smooth muscle cells [11, [15] [16] [17] [18] [19] [20] . There are two IL4 receptor types that control the physiological functions of IL4, each consisting of two protein subunits that heterodimerize upon IL4 binding the IL4Ra subunit. The type I IL4R is predominantly expressed by hematopoietic cells, and consists of the IL4Ra and common gamma C (cc) subunits (Fig. 1) . The type II IL4R can be expressed by non-hematopoetic cells, and consists of the IL13Ra1 and IL4Ra subunits [21, 22] (Fig. 1) . Significantly, while the majority of normal epithelial tissues do not express IL4Rs, the type II IL4R is overexpressed on the surface of many solid tumors including, but not limited to, renal cell carcinoma, melanoma, breast cancer, ovarian cancer, colon cancer, AIDS-related kaposi's sarcoma, and head and neck squamous cell carcinoma [13, [23] [24] [25] [26] [27] [28] [29] . In fact, the expression of IL4R on cancer cells is so robust that it has been used as a targeting molecule for anti-cancer toxins fused to IL4. The IL4-PE38KDEL cytotoxin is one such example that is currently in clinical trials for a variety of cancers including recurrent or metastatic breast cancer, kidney cancer, and non-small cell lung cancer [30] (Table 1) .
Unlike the type I IL4R, the type II IL4R can also bind and be activated by IL13, although IL4 binds with higher affinity [22] . IL13 signaling through the type II IL4R on airway epithelial cells primarily contributes to the airway hyper-responsiveness and mucus secretion that occurs in asthma [31] . Existing data demonstrates that IL4 is responsible for inducing pro-metastatic growth phenotypes in epithelial cells [2, 6] , and IL4 is upregulated in the microenvironment of several epithelial tumor types including breast, colon, prostate, and pancreatic cancer [13, [32] [33] [34] . While targeting the IL4/IL4R interaction on cancer cells is the subject of this review, we acknowledge that there may still be a role for IL13 in promoting metastasis, and there are also FDA approved therapies for blocking IL13 activity in asthma [35] .
IL4/IL4R signaling
IL4Rs themselves lack intrinsic kinase ability. Upon ligand binding, IL4 receptor dimerization results in the activation of the Janus kinase (JAK) family of proteins that phosphorylate IL4Ra to create docking sites for other signaling proteins. It is known that IL4Ra, cc, and IL13Ra1 activate JAK1, JAK3, and tyrosine kinase (Tyk2), respectively [10, 22, 36, 37] (Fig. 1) . Because JAK3 associates with the cc subunit, it may not have a prominent role in type II IL4R signaling in epithelial cancer cells. In accordance with this concept, IL4 induced the tyrosine phosphorylation of JAK1, JAK2, and Tyk2 but not JAK3 in human colon cancer cells where IL4Ra did not associate with the cc subunit [38] (Fig. 1 ). The importance of epithelial IL4R expression in promoting tumor growth and metastasis is becoming less obscure, and supports research efforts focused on targeting the IL4/IL4R signaling axis as an antitumor therapy.
There are two main pathways activated in immune cells in response to IL4 after the JAK phosphorylation of IL4Ra: (1) the insulin receptor substrate protein (IRS)/PI3K/AKT pathway, and (2) the JAK/signal transducer and activator of transcription factor-6 (STAT6) pathway (Fig. 1 ). STAT6 is a transcription factor that can be further phosphorylated by JAKs, form STAT6 homodimers, and translocate to the nucleus to initiate the transcription of IL4/IL13 responsive genes. IL4 has also been shown to activate mTOR in T cells for the control of differentiation [39] (Fig. 1) , and ERK after IRS activation in several non-lymphoid cell types [10] . We have shown that IL4-activated AKT, ERK and mTOR can mediate enhanced colonization ability in murine mammary cancer cells in vitro, and that IL4Ra expression is associated with the increased activation of STAT6, AKT, and ERK in metastatic mammary tumors in the lung [6] (Fig. 1) . These results highlight several targetable pathways downstream of IL4/IL4Ra that can promote metastatic tumor growth.
Inhibition of IL4/IL4Ra signaling
The pharmacologic inhibition of JAK1 and/or JAK2 to attenuate the initial phase of IL4-induced signaling may be possible. Several JAK inhibitors exist for the treatment of asthma and other diseases, and more are in clinical trials for the treatment of a variety of cancers [40] . Ruxolitinib, an inhibitor of JAK1/JAK2 is already FDA approved for myelofibrosis and there are multiple trials currently Clin Exp Metastasis (2015) 32:847-856 849 recruiting patients to test its efficacy against hematopoietic and solid tumors [30] (Table 1) . However, it would likely be better to target a signaling molecule that is more specifically associated with IL4/IL4R signaling, as JAKs mediate a plethora of cytokine receptor responses [41] . This is also true when considering the therapeutic inhibition of AKT, ERK, or mTOR activation in response to IL4. Therefore, STAT6 may be the most attractive therapeutic target for the selective inhibition of IL4R signaling.
Although not completely specific, STAT6 activation is primarily downstream of IL4R [10] , and STAT6 activation promotes pro-metastatic processes including migration and invasion, enhanced proliferation and resistance to apoptosis in epithelial cancer cells [3, 13, 42] (Fig. 1) .
The clinical targeting of STAT6 as an anti-tumor therapy may be feasible, but two FDA approved therapies known to inhibit the phosphorylation of STAT6, leflunomide and vorinostat (suberoylanilide hydroxamic acid), each have multiple other modes of action. Leflunomide inhibits de novo pyrimidine synthesis and tyrosine kinases such as EGFR [43] [44] [45] , and vorinostat inhibits histone deacetylases [46] . While there are multiple other STAT6 inhibitors currently in the preclinical discovery phase [40] , there are still a few drawbacks to consider regarding the inhibition of STAT6 as an anti-metastatic therapy. It is possible that alternative pathways activated by the IL4R including AKT, ERK, or mTOR could still contribute to IL4R-induced tumor growth even in the presence of a STAT6 inhibitor [6] . Also, the inhibition of STAT6 would result in the attenuation of both IL4 and IL13 signaling in immune and non-immune cells, the implications of which are not well known.
Blocking IL4 activity
Rather than targeting signaling pathways, an alternative approach is to block or neutralize the receptor ligand, IL4. One approach to neutralizing IL4 activity specifically has NSCLC non-small cell lung cancer, CML chronic myeloid leukemia, AML acute myeloid leukemia, GBM glioblastoma multiforme. 'None noted' indicates that no listed toxicities could be found. 'None observed' indicates there was a study examining toxicity, and none were observed been the use of inhaled recombinant human IL4 receptor fragments that competitively inhibit IL4/IL4R binding in asthma patients. One such therapy, 'altrakincept' or 'nuvance', made it to phase II clinical trials, but development was halted due to a lack of clinical efficacy [47] (Table 1) . Humanized anti-IL4 monoclonal antibodies such as pascolizumab have also been tested in asthma patients. However, the development of pascolizumab, which was given to patients intravenously, was also halted after phase II trials, again due to a lack of clinical benefit [35, 47] ( Table 1) . While these therapies are no longer being developed, they did pass initial safety testing in humans, and anti-IL4 monoclonal antibodies in particular may still hold clinical relevance for the treatment of metastatic cancer. The IL4/IL4R interaction is species-specific, and a neutralizing antibody against murine IL4, clone 11B11, was developed in the 1980's [48] . 11B11 was tested in mice specifically for efficacy against metastatic tumor growth. Denardo et al. showed that treatment with 11B11 for 20 days significantly reduced metastatic tumor burden in the lungs of MMTV-PyMT mice, and also limited the number of metastatic lung tumors to a slightly lesser extent than global IL4Ra knockout in the same mouse strain [4] . In that paper, the reduction in metastatic mammary tumor growth by 11B11 was attributed to the neutralization of IL4 from CD4(?) T cells, thus preventing activation of tumorassociated macrophages (TAMs) that would promote metastatic growth.
These results support other studies indicating that there are pro-tumor properties regulated by IL4 in adaptive and innate immune cells of the tumor microenvironment [49] [50] [51] [52] [53] . We have shown that mammary metastatic lung tumor burden is also significantly attenuated by a systemic reduction in IL4 using IL4 knockout (KO) mice injected via the tail vein with 4T1 mammary tumor cells. However, in the same study, IL4Ra knockdown in the 4T1 tumor cells themselves actually limited the burden of metastatic disease in the lungs of wild-type mice to a greater extent than control 4T1 cells in IL4 KO mice [6] . This result indicates that the IL4/IL4R interaction on epithelial cancer cells may be more critical for promoting metastatic tumor growth. Still, the implications of targeting IL4 within the immune compartment as an anti-tumor therapy is a worthwhile topic, and will be touched upon again in this review.
Inhibition of IL4Ra
It was thought that continued IL13 signaling through the type II IL4R could contribute to the limited clinical efficacy of IL4-targeted treatments in asthma. Therefore, blocking the receptor subunit, IL4Ra, to inhibit both IL4-and IL13-induced signaling was an enticing alternative. However, the use of monoclonal antibodies against IL4Ra has yielded mixed results in patients. The humanized antiIL4Ra antibody, AMG317, showed no clinical efficacy in asthma patients, and development was abandoned after phase II clinical trials [47] (Table 1) . However, a second monoclonal antibody directed against IL4Ra, dupilumab, has shown efficacy in the treatment of atopic dermatitis [54] , and is possibly more effective for the treatment of asthma [55] (Table 1) .
Recently, more attention has been directed toward the concept of modifying the IL4 cytokine into an inhibitor of IL4Ra with no agonist properties. Pitrakinra, also known as IL4 double mutein or IL4-DM, is a recombinant form of human IL4 with two functional mutations at position 121 (arginine to aspartic acid) and 124 (tyrosine to aspartic acid) that acts as an IL4Ra antagonist. Pitrakinra has completed phase III trials for asthma where its inhaled form was shown to be more effective than the injectable form [35] (Table 1) . New IL4 variants are also being explored, and one modified at only position 121, was shown to antagonize both the type I and type II IL4 receptor [56] , an improvement over pitrakinra which requires two functional mutations.
IL4-DM treatment attenuated the growth of human colon cancer xenografts in murine models [57] , but it is important to note that the use of any humanized IL4 variant in murine tumor studies is limited to those in immune compromised mice due to species specificity. Also, as with STAT6 inhibitors, the function of both the type I and type II IL4R is inhibited by these antagonists, which could have negative implications for normal immune functions. Still, it is the concept of creating IL4 variants as IL4 receptor antagonists that may currently hold the greatest promise for selective anti-cancer therapies.
Selective inhibition of the type II IL4R
Recent advances in understanding the binding and dimerization of type I and type II IL4Rs has lead to more studies focused on improving the selectivity of IL4 receptor antagonists. The crystal structure of the ternary complex of the extracellular domains for both the type I and type II IL4 receptors was reported in 2008 [22] . These studies revealed that IL4 sits between IL4Ra and the second receptor subunit, either cc or IL13Ra1, and is in direct contact with the second subunit [22] . In 2014, fluorescence cross-correlation spectroscopy was used to observe the dimerization of the type I and II receptors in living cells after ligand binding [58] . This study confirmed previous findings demonstrating that IL4 binds with high affinity to IL4Ra (Kd of *100 pM) [59, 60] , and that subsequent binding with the second receptor subunit, either cc or IL13Ra1, is a relatively low affinity interaction (0.5-4 lM) [22, 58, 61] . It has been postulated that the relative expression of the second subunit may therefore influence dimerization [62] . Collectively, these findings supported the possibility of inhibiting the contact between IL4 and either the cc or IL13Ra1 subunits for type I or type II IL4R selectivity.
Initially, the concept of creating selectivity for one receptor over the other was examined by creating IL4 agonists that demonstrated cell-type specific effects based on the expression of the second receptor subunit. Junttila et al. increased the affinity of IL4 for the cc subunit by modifying residues in the cc-interacting helix (helix D), or affinity for the IL13Ra1 subunit by modifying 3 residues shown to be important for IL13 binding to IL13Ra1. These modified IL4 s were termed 'superkines'. The affinity and potency of IL4 superkines in cell lines that expressed IL4Ra with varying expression of the second receptor subunit, either cc or IL13Ra was then tested [62] .
In A549 human lung cancer cells, the IL4 superkine designed to bind with higher affinity to IL13Ra1 induced the phosphorylation of downstream STAT6 by 3-10 fold times more than unmodified IL4 or the IL4 superkine selective for cc. These cells were confirmed to express high levels of the type II receptor as expected for epithelial cancer cells, with little or no type I receptor expression. Ramos cells (Burkitt's lymphoma) which were used to model type I receptor signaling, but which do express a small amount of IL13Ra1, were more responsive to the superkine designed to target cc than either unmodified IL4 or the IL13Ra1-targeted superkine [62] . These results demonstrated that the agonistic properties of IL4 could be directed to cell types including epithelial cancer cells based on their relative expression of cc or IL13Ra1.
Medicenna Therapeutics, Inc. has taken IL4 superkines and fused them to a pro-apoptotic payload to generate 'empowered cytokines' that have the potential to induce apoptosis in 20 different cancer types overexpressing the type I or type II IL4 receptor. The original empowered cytokine, MDNA55 (Medicenna's version of the IL4-PE38KDEL cytotoxin), is not specific for one receptor type over the other, but is currently in clinical trials for central nervous system cancers known to overexpress IL4Rs [63] ( Table 1) . Receptor selective empowered cytokines, MDNA56 and MDNA57 are still in the discovery phase, with MDNA56 being developed for the treatment of hematopoietic cancers expressing the type I IL4R, and MDNA57 for solid tumor cells expressing the type II IL4R [63] (Table 1) . These empowered cytokines are considered safe and effective [63] . Still, when targeting the expression of the type II IL4R for cancer therapy, it is important to note that myeloid cells expressing type II IL4Rs, such as macrophages and MDSCs, will also be affected.
Encouragingly, there are several recent studies demonstrating that inhibition of IL4/IL4R within the immune compartment may be beneficial during anti-tumor therapy [4, 12, 50, 53] .
Targeting IL4/IL4R in the tumor microenvironment (TME)
Inhibiting IL4/IL4R function in pro-tumor lymphoid populations that express the type I IL4R may provide a therapeutic benefit in metastatic cancer patients. As previously mentioned, IL4 neutralization resulted in the attenuation of mammary metastatic tumor growth in the lung by reducing the pro-tumorigenic properties of both innate and adaptive immune cells of the tumor microenvironment, including CD4(?) T lymphocytes [4] . In addition, IL4 is known to impair the cytolytic activity of CD8(?) T cells by polarizing them to type 2 cytotoxic T cells (Tc2) (Fig. 2) [64] [65] [66] [67] . A recent study actually modified IL4R to promote the activity and proliferation of cytotoxic T cells to reduce tumor growth. To do this, IL4R was fused to the IL7 receptor endodomain in transgenic T cells [50] . However, it is important to note that the systemic inhibition of either IL4 or the type I IL4R would also affect normal lymphoid processes such as B and T cell proliferation, Th2 cell differentiation, and inflammatory and immune responses.
Other immune populations in the TME that are activated in response to IL4 and express type II IL4Rs include myeloid-derived TAMs and MDSCs. Notably, MDSCs can also produce IL4 and therefore can respond in an autocrine or paracrine manner [11] . TAMs and MDSCs are both particularly important in promoting tumor growth, angiogenesis, and metastasis, and in suppressing antitumor immune responses [4, 49, 51, [68] [69] [70] [71] (Fig. 2) . Recently, an aptamer nanomolecule targeting IL4Ra on TAMs and MDSCs was shown to induce apoptosis and significantly delay the progression of 4T1 tumors in vivo [53] . A caveat to this study is that flow cytometry was used to determine aptamer selectivity for IL4Ra on TAMs and MDSCs, a method limited by markers identified by antibodies, and it is likely that IL4Ra located on other cells was also targeted. A separate study using immune competent human HER2 transgenic (hmHER2Tg) mice, showed that treatment with anti-Il4 11B11 reduced the levels of myeloid chemoattractants including CCL2, CCL11, and CXCL5 within tumors, and enhanced the anti-tumor response to trastuzumab by reducing the number of tumor infiltrating myeloid cells including TAMs [12] . These studies demonstrate that inhibition of myeloid cells within the immune compartment may be beneficial for cancer patients being treated with anti-type II IL4R therapies.
Discussion
Apart from its regulatory roles in the immune system, the abnormal expression of IL4 receptor (IL4R) on epithelial cancer cells has guided the delivery of toxins fused to IL4 to reduce the growth of solid tumors for many years. Now, it is becoming clear that the IL4/IL4R signaling axis on epithelial cancer cells directly influences tumor biology, and may itself serve as a therapeutic target for limiting metastatic disease. Epithelial IL4R functions to promote several pro-metastatic phenotypes in epithelial cancer cells [2, 3, 5] including the colonization and outgrowth of mammary cancer metastases in the lung and liver [6] . But, is it plausible to target IL4 or the IL4R to attenuate metastatic tumor growth?
Due to its roles in promoting asthmatic and allergic responses, the IL4/IL4R signaling axis is the target of several FDA approved therapies including STAT6 inhibitors, IL4 neutralizing antibodies, and IL4Ra antagonists. However, each of these current therapies inhibit the function of both the type I IL4 receptor found on hematopoietic cells and the type II IL4 receptor found on myeloid cells and other non-hematopoietic cells including epithelial cancer cells. This raises the question of whether a therapy designed to target the type II IL4R would be therapeutically effective against metastatic tumors, while limiting toxicity to normal immune populations expressing the type I receptor, particularly lymphoid populations. A type II IL4R selective therapy (MDNA57) currently in development by Medicenna Therapeutics Inc, will test this idea [63] . Notably, this therapy would target both epithelial cancer cells and other cells within the tissue microenvironment that express the type II IL4R.
Collectively, two recent studies have demonstrated that the IL4/IL4R signaling axis in the tissue microenvironment and on epithelial cancer cells themselves promotes metastatic tumor growth. In the first study, the systemic neutralization of IL4 by a monoclonal antibody was shown to reduce metastatic lung tumor burden in a murine model of spontaneous mammary cancer [4] . In support of this data, the metastatic growth of 4T1 mammary tumors in the lung was also significantly attenuated in IL4 knockout mice [6] . The earlier study suggests that IL4 produced by CD4(?) T lymphocytes acting through tumor associated macrophages (TAMs) in the TME is critical for the reduction in metastatic tumor growth [4] , while the later study demonstrated that loss of IL4Ra on the tumor cells themselves lead to a more profound reduction in lung metastatic tumor growth compared with systemic loss of host IL4 [6] . These results highlight the importance of understanding the roles of IL4 in the immune system in addition to how it directly promotes the metastasis of epithelial cancer cells.
Future perspectives
The selective targeting of the type II IL4R would not only affect epithelial cancer cells, but also myeloid populations including TAMs, and MDSCs. These IL4-responsive populations promote tumor growth, angiogenesis, and metastasis, and suppress antitumor immune responses [51, [68] [69] [70] [71] . The inhibition of TAMs and MDSCs in conjunction with the inhibition of epithelial IL4R by anti-type II IL4 receptor therapies may result in the dramatic reduction of metastatic epithelial tumor growth.
In the setting of epithelial cancer and metastasis, we must acknowledge that inhibition of the type II IL4R would also likely also affect IL13 signaling, but this too may be advantageous. IL13 is upregulated in primary breast cancer tissue [72] and in the peripheral blood of patients with pancreatic, esophageal, and gastric cancer [73] . While studies focusing on the implications of IL13 signaling in epithelial cancer cells are limited, it is known to have both pro-tumorigenic and pro-metastatic roles as we have previously reviewed [2] . These results are encouraging, as therapies capable of targeting the type II IL4R highlighted in this review, would likely also impact IL13 signaling. However, more work needs to be done in order to fully understand the implications of targeting the IL4R in terms of IL13 signaling as IL13 can also signal through two other receptors [2] .
Here we have reviewed the implications and benefits of inhibiting the IL4/IL4R signaling axis on epithelial cancer cells and some immune populations of the TME. We have emphasized the targeting the type II IL4R specifically to limit metastatic disease as safely as possible. However, we acknowledge the need for a deeper understanding of the complicated cellular interplay between epithelial tumor cells and the cells of the TME that express either type I or type II IL4 receptors for the effective use of anti-IL4/IL4R therapies in cancer.
